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The Time-Reversed Ultrasound-Encoded (TRUE) light technique enables noninvasive focusing deep inside
scattering media. However, the time-reversal procedure usually has a low signal-to-noise ratio because the
intensity of ultrasound-encoded light is intrinsically low. Consequently, the contrast and resolution of
TRUE focus is far from ideal, especially in the backscattering geometry, which is more practical in many
biomedical applications. To improve the light intensity and resolution of TRUE focus, we developed an
iterative TRUE (iTRUE) light focusing technique that employs the TRUE focus itself as a signal source
(rather than diffused light) for subsequent TRUE procedures. Importantly, this iTRUE technique enables
light focusing in backscattering mode. Here, we demonstrate the concept by focusing light in between
scattering layers in a backscattering configuration and show that the light intensity at the focus is
progressively enhanced by a factor of ,20. By scanning across a fluorescent bead between these two
scattering layers, the focusing resolution in the ultrasound axial and lateral directions was improved,2-fold
and,3-fold, respectively. We further explored the application of iTRUE in biological samples by focusing
light between 1 mm thick chicken tissue and cartilage, and light intensity enhancements of the same order
were also observed.
F
ocusing light inside scattering media such as biological tissues is attractive, especially in biomedical applica-
tions. However, this is a challenging task because optical scattering must be overcome. The iterative
optimisation based technique1 has been developed to focus light to an area of interest. This technique
optimises the spatial light modulator by maximising the feedback signal. Transmission matrix measurement2
is another technique that enables light focusing through scattering media. Instead of iteratively optimising a
wavefront or measuring a transmission matrix, phase conjugation techniques directly obtain the required wave-
front at high speed, using nonlinear media3,4 or imaging sensor arrays via Digital Optical Phase Conjugation
(DOPC)5. DOPC records the optical wavefront from the target and plays back the phase-conjugated light, which
traces back to its origin due to time-reversal symmetry. However, all of these techniques require a ‘guide star’ or
sensors behind or inside the scattering medium. These guide stars could be direct light sources6,7, photoacoustic
based objects8,9, optical nonlinear particles10, or an ultrasound focus11–14. Among these sources, an ultrasound
focus is the best fit for noninvasive operation because it creates a virtual source inside the scattering medium by
modulating the frequency of the scattered light.
Time-reversed ultrasound-encoded light was first demonstrated using a photorefractive crystal as a wavefront
recording and modulating medium11. However, the crystal provided low optical gain and thus had limited
potential for applications requiring focusing deep inside highly scattering medium. Although nonlinear polymer
films are able to enhance the optical gain15, the gain is still much lower than that obtained by the DOPCmethod,
which has a theoretically infinite optical gain that is practically limited by the damage threshold of the optics5.
Using DOPC as a phase conjugation engine for TRUE, deep tissue fluorescence imaging has been demon-
strated12,13. Moreover, digital TRUE allows for manipulation of the measured phase map and thus provides
advantages such as resolution improvement16.
One of the factors that limits the applications of the TRUE method is the low focusing peak intensity to the
background intensity (with uncontrolled light illumination) ratio (peak-to-background ratio; PBR) resulting
from the low detected intensity of ultrasound modulated light. In deep tissue imaging applications, for example,
only a small proportion of light will travel through the ultrasound focus, which is very tight (typically,100 mm),
to obtain a high resolution image. Of the light that is in the focus, only a small proportion will be modulated by
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ultrasound with an intensity at diagnostic ultrasound levels17.
Therefore, it is challenging to measure an accurate phase map of
the ultrasound modulated light because of the low signal-to-noise
ratio (SNR). The low SNR limits the applications of TRUE, such as
focusing in backscattering mode that is more practical in biological
applications. Although analogue TRUE in reflection mode has been
demonstrated18, it also has the problem of low optical gain, as dis-
cussed above.
An intuitive approach to solve the low ultrasound modulation
efficiency in TRUEwould be using the TRUE technique itself because
it can deliver stronger light at the focus of the ultrasound. This
method would in return result in a more accurate phase map and,
consequently, higher light intensity at the ultrasound focus. By iter-
ating this process, the light intensity at the ultrasound focus would be
significantly enhanced. Technically, this requires DOPC to simulta-
neously record the ultrasound modulated light and play back its
amplified phase-conjugated copy. A dual-DOPC-based TRUE setup
was proposed for this purpose19, but the system was redundant and
was difficult to fit in the backscattering mode, which is critical in
many applications such as biomedical imaging. Very recently, a con-
tinuous scanning-based TRUE scheme was demonstrated to be able
to enhance light intensity with a single DOPC based setup20. This
work focused on a novel scanning scheme but did not demonstrate or
quantify the light intensity enhancement and resolution improve-
ment capabilities in backscattering mode.
In this paper, we report an iterative time-reversed ultrasound-
encoded (iTRUE) light technique that can be used to focus light in
backscattering mode. We observed a significant enhancement of the
light intensity at the ultrasound focus and resolution improvement in
images obtained using this technique. It should be noted that the
terms iterative/iteration here refer to the repeating of the ultrasound
modulation and phase conjugation process and should not be con-
fused with that used for searching for an optimised wavefront based
on feedback signals. The reported iTRUE system simultaneously and
iteratively detects the ultrasound modulated light and plays back its
amplified phase conjugated copy. This system has an intrinsic cap-
ability for operation in backscattering mode and can be easily
adapted to the transmission mode. We further demonstrate the
advantage of backscattering mode operation by focusing light
between biological tissue and cartilage. We also demonstrate the
intensity enhancement and resolution improvement in a simulation
and discuss the possible mechanisms and limitations of these effects
in this paper.
Results
Principle. The working principle of iTRUE is shown in Fig. 1. The
setup consists of a DOPC module and an ultrasound modulation
module (Fig. 1a). A collimated laser beam (frequency f0) is
launched to the phase-only SLM with an arbitrary or blank
(Fig. 1b wavefront) phase display. The reflected light, serving as a
probe beam, enters the scattering sample and diffuses, as shown in
Fig. 1b. As the first step of TRUE (recording), ultrasound modulates
the probe beam by shifting its frequency by the ultrasound frequency
fus (Fig. 1c). The backscattered ultrasound-modulated light as well as
the unmodulated portion travel back to the beam splitter (ii) and
then to the camera. In order to selectively measure the phase of the
ultrasound-modulated light (Fig. 1c wavefront), a reference beam
with a frequency tuned to f0 1 fus is used to interfere with the
backscattered light, resulting in a static fringe pattern for the
modulated light, while the unmodulated portion does not interfere
coherently. In this case, a 4-phase stepping method21 or off-axis
holography can be used to record the phase map of the
ultrasound-modulated light. In the second step (playback), the
recorded wavefront is phase-conjugated (Fig. 1d wavefront) and
sent to the SLM. The collimated probe beam is then modulated by
the SLM and creates a focus at the ultrasound focus due to the time-
reversal symmetry (Fig. 1d). The first step is then repeated, but this
time stronger ultrasound-modulated light is generated (Fig. 1d) due
to the results of the previous step. This procedure leads to a more
accurate phase map (Fig. 1e wavefront) and, consequently, higher
playback light intensity at the focus (Fig. 1e). As can be seen from the
iTRUE setup, the iTRUE process requires that playback of the phase-
conjugated light and the next recording of the wavefront occur
simultaneously.
Simulation.To better understand the steps of the iTRUE process, we
carried out a simulation. In this simulation, the performance of the
system in terms of noise was shot noise limited. We assumed the
average number of ultrasound-modulated photons per pixel is 1022
and that of the unmodulated photons is 100. The average number of
photons of the reference beam was 104, which is ,100 times higher
than the signals (modulated and unmodulated light). These
assumptions are based on estimations from a typical hologram
captured in our TRUE system. In this simulation, only the shot
noise from the reference beam was considered because the
reference beam intensity is much higher than the intensity of the
modulated and unmodulated photons. Therefore, shot noise from
the unmodulated light could be neglected in the simulation. The
interference between the modulated light and the reference beam
is given by
Ii~I0zIusz2
ﬃﬃﬃﬃﬃﬃﬃﬃ
I0Ius
p
cos w0zwusð Þ, ð1Þ
where I0 and Ius are the reference beam intensity and the modulated
light intensity, respectively, in the units of photons; w0 and wus are the
corresponding phases. The SNR of this interferogram can then be
defined as17
SNR~
2
ﬃﬃﬃﬃﬃﬃﬃﬃ
I0Ius
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
I0zIus
p <2 ﬃﬃﬃﬃﬃIus
p
: ð2Þ
Plugging in the number of ultrasound modulated photons, we have
SNR<0:2: ð3Þ
Although the SNR is very low at the beginning of the iTRUE
iterations, light focusing at the focus of ultrasound can still be
obtained because DOPC has a high tolerance for phase error5. The
playback focus then contributes to a higher modulated light intensity
while the shot noise level is maintained, thus yielding a higher SNR
measurement and a more accurate phase map, which in return cre-
ates a stronger focus at the ultrasound focus. Repeating this process
in the simulation gave an iterative increase of SNR and a reduction in
the phase error (Fig. 2a). As a result, a progressively enhanced light
focus over the number of iterations was obtained (Fig. 2b). By fitting
a Gaussian function to the scattered field in the virtual ultrasound
focus, the full width at half maximum (FWHM) of the light focus was
obtained during each iteration (Fig. 2b). A reduction of FWHM was
observed during iteration because a Gaussian ultrasound profile was
defined in this simulation. In this case, the multiplication of the
profile during each iteration results in a narrower width. The error
bars shown in Fig. 2 were calculated based on the standard deviation
of 10 simulations.
Direct visualisation of the optical focus. In order to demonstrate
the intensity and enhancement with iTRUE, we used a quantum dot
sheet to visualise the focusing profile of the phase conjugated light
between two scattering media. The design of the sample is shown in
Fig. 3a. A quantum dot sheet with a thickness of 500 mm was
embedded in a block of clear agarose gel. The gel was placed
between two scattering media, with a layer of scattering film on the
front and a piece of white eggshell on the back. The distance between
the two scattering media was ,6 mm. A camera (Stingray F145,
Allied vision technologies, Germany) with its imaging plane at the
www.nature.com/scientificreports
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focus of the ultrasound transducer was used to image the light
emission light profile from the quantum dot sheet. Without TRUE,
the probe beam was scattered by the scattering film and the eggshell,
resulting in a diffused background (Fig. 3b). By implementing TRUE,
a weak light focus can be observed, as shown in Fig. 3c. The light
focus here was much weaker than what has been demonstrated in
transmission mode12,13 because the detected ultrasound-modulated
light in backscattering mode is much weaker. By implementing
iTRUE, significant light intensity enhancement was observed on
the fluorescent quantum dot sheet, as shown in Fig. 3d–f, in which
2, 4 and 8 iterations were performed, respectively. To further
enhance the contrast of the light foci, background subtraction12
was implemented for each image of the light focus. In this case, the
background for each image was measured when the conjugated
phase map on the SLM was shifted by 50 x 50 pixels during each
iteration. Corresponding images with background subtraction are
shown in Fig. 3g–j.
To quantify the intensity enhancement with iTRUE, we analysed
the emission light intensity at the ultrasound focal zone. In this case,
an area of interest with 200 pixels (323 mm) in the y direction and 50
pixels (81 mm) in the z direction was applied to the area, as shown in
between the colour blocks of Fig. 3g–j. One-dimensional images were
then taken by averaging these areas of interest in the z direction, as
shown in Fig. 3k, in which significant light intensity enhancement
can be observed. A Gaussian profile was fitted to each of these one-
dimensional images, as shown in Fig. 3k. Taking the peak of each
fitted Gaussian profile for the one-dimensional images from the first
8 iTRUE iterations, the intensity enhancement factor (the ratio
between the peak intensity at each iteration to that at the first
TRUE light focus) was quantified (Fig. 3l). For comparison, the
intensity enhancement factor calculated based on the ultrasound-
modulated light intensity detected by the DOPC system using digital
holography is also shown in Fig. 3l. The intensity enhancement factor
at the ultrasound focus after 8 iterations was ,22 based on the
fluorescent signals and,32 based on the holography measurement.
Theoretically, the light intensity enhancement factor measured
based on fluorescent signals and holography should be identical.
However, the difference in the light intensity enhancement factors
can be observed in Fig. 3l. One of the possible reasons for the inac-
curacy could be the low light intensity at the first TRUE light focus
compared with the considerable background. The other possible
reason could be the nonlinearity of the two approaches. Light intens-
ity oscillation can also be observed in Fig. 3l. One explanation for this
oscillation is that the size of the ultrasound focus is much larger than
that of an optical speckle. In this case, two sets of optical modes can
oscillate during the iTRUE process. Another possible reason is that
light travels through different channels of the scattering sample
before and after ultrasound modulation during one iteration. To
Figure 1 | Principle of iTRUE. (a) Schematic experimental setup consisting of a DOPC system and an ultrasound modulation module. The probe beam
reflected off the SLM is scattered by the sample and modulated by the ultrasound. The phase map of the ultrasound modulated light is measured by the
camera and the conjugated phase map is displayed on the SLM, which modulates the probe beam again. (b)–(e) Schematic demonstration of signal
enhancement with iTRUE. (b) Without ultrasound modulation, the probe beam diffuses inside the scattering sample when the SLM is initially
uncontrolled. (c)With ultrasoundmodulation, a small fraction of the probe beam is shifted in frequency and backscattered to the DOPC system. (d) The
phase-conjugated copy of themeasured ultrasound-modulated light is sent back to the sample. Although SNR of themeasured wavefront is low, owing to
the small amount of light being modulated in c, the playback light is still able to create a focus at the focus of the ultrasound. This playback light focus is
modulated simultaneously by the ultrasound, and a more accurate wavefront can be measured for the next step. (e) A stronger light focus can thus be
obtained. By repeating the playback and recording process, the light intensity focused at the focus of the ultrasound can be progressively increased.
Figure 2 | Simulation results of the iTRUE process. (a) SNR of the
interferogram and the phase error (mean absolute) at the imaging sensor
plane over the sequence of iterations. (b) Intensity enhancement and
resolution improvement at the focus of the ultrasound over the sequence of
iterations.
www.nature.com/scientificreports
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reduce this effect, one solution would be to combine the measured
phase map with the previous measured phase maps for iTRUE play-
back at each iteration, rather than complete replacement of the phase
map. However, the intensity optimisation process would be slower in
this case.
Image scanning. To quantify the resolution improvement using our
iTRUE system, we imaged a 15 mm fluorescent bead by raster
scanning. The experimental setup was the same as that used for
direct visualisation of the focal beam, except that the quantum dot
sheet was replaced with a fluorescent bead and the observation
camera was used as a single channel photodetector (Fig. 4a).
Microscopic images of the fluorescent bead on a microscope slide
without and with the scattering film are shown in Fig. 4b and c. It
should be noted that the image shown in Fig. 4c was taken with
scattering film attached to a piece of conventional microscope
cover glass that covered the fluorescent bead. In the sample, the
bead was placed 3 mm behind the scattering film. In order to scan
the iTRUE focus across the fluorescent bead, the ultrasound
transducer was moved in the x-y plane with a 10 mm step size and
11 steps in each direction (110 mm3 110 mm in total). At each step,
6 iterations were carried out. In order to compare the performance of
conventional TRUE and iTRUEwith different numbers of iterations,
the SLM was loaded with a random pattern at the beginning of each
scanning step. The fluorescent intensity was measured when the
random pattern was displayed on the SLM (background) and
during each iteration. Background subtraction and cubic inter-
polation were applied to each intensity map. Fig. 4d–i show the
scanned fluorescence images from the 1st iteration (conventional
TRUE) to the 6th iteration with a global colour map. The image
resolution in the ultrasound axial direction (y) and the lateral
direction (x) were quantified by a fitting Gaussian profile to the
one-dimensional bead images in both directions, as shown in
Fig. 4d and i. The FWHMs of these Gaussian profiles were used to
define the image resolution here. The axial and lateral resolutions of
the fluorescent bead images are shown in Fig. 4j and k, respectively. It
can be observed that the axial resolution and lateral resolution were
improved by ,2 times and ,3 times, respectively. The error bars
shown in Fig. j and k indicate the 95% confidence bound of the curve
fitting. Large error bars were observed at the first iteration because
the light intensity was too low to provide a small fitting error.
Light focusing between biological samples. Focusing light in tissue
in backscattering mode has a great potential in biological
applications, where thick tissue or highly backscattering tissues like
bone or are involved. Here, we investigated the light focusing
capability of iTRUE in biological samples consisting of muscle
tissue and cartilage. In order to directly visualise the focusing beam
profile, a quantum dot sheet was also sandwiched between chicken
muscle tissue (1 mm thick) and cartilage (Fig. 5a). By implementing
iTRUE, the light intensity at the ultrasound focus increased
progressively. The observation camera imaged the focusing beam
profiles, as shown in Fig. 5b and c, in which images after the 1st
iteration and the 16th iteration are compared. In order to measure
the light intensity at the foci quantitatively, one dimensional images
across the foci were taken using the same method as that used for
Fig. 3k. It should be noted that two dimensional images at the 2nd, 4th
and 8th iteration are not shown here. Gaussian functions were also
fitted to these one dimensional images (Fig. 5d). By taking the ratio
between the Gaussian profile amplitude of the 16th iteration and the
Figure 3 | Demonstration of intensity enhancement using iTRUE. (a) A 500 mm thick quantum dot sheet made of agarose was sandwiched between a
layer of scattering film and a piece of white eggshell. The probe beamof theDOPC system entered the sample via the film side. An observation camerawith
a fluorescence filter was used to observe the cutaway view of the emission light from the quantum dot sheet. This camera imaged at the focus of the
ultrasound, which was located in the centre of the quantum dot sheet. (b) The emission light without TRUE (the SLMwas loadedwith a randompattern).
(c–f) Emission beam profiles with iTRUE iterations of 1, 2, 4 and 8 times, respectively. (g–j) Light beam profiles with background subtraction. (k) One-
dimensional images and the corresponding Gaussian fitting curves at the focus of the ultrasound (the area between the colour blocks of g–j). (l) The light
intensity enhancement factor, measured based on the fluorescence intensity observed by the observation camera and the ultrasound-modulated light
measured by the DOPC system. The scale bar is 200 mm.
www.nature.com/scientificreports
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1st iteration, an intensity enhancement factor of 18 was achieved. The
light intensity was saturated after,12 iterations, which is more than
that required in the previous case with the scattering film and
eggshell sample (,8 iterations). One reason for this difference is
that the chicken muscle tissue scatters more light than the
scattering film. Therefore, the initial ultrasound-encoded light
intensity is lower and more iterations are required before saturation.
Discussion
TheTRUE technique provides a non-invasive approach to focus light
inside scattering media such as biological samples. This technique
can be applied to a wide variety of applications such as deep tissue
fluorescence imaging, photodynamic therapy, laser surgery and
optogenetics. Some of the key factors making TRUE practical for
these applications are its high focusing efficiency, higher resolution
and the capability for backscattering mode operation. The proposed
iTRUE technique provides an elegant solution for signal enhance-
ment, resolution improvement and backscattering mode operation.
The tissue-cartilage sample used in the experiment here mimics the
structure that can be found inmany parts of biological bodies. This is
a significant step to move TRUE toward biological laboratories and
clinics.
We explained the intensity enhancement mainly in the view of
SNR throughout the principle section. However, there could be other
mechanisms that also contribute to the intensity enhancement. One
potential mechanism is the reduction of the optical mode at the
ultrasound focus because iTRUE reduces the size of the optical focus.
In this case, the ratio between the number of controllable optical
modes and the number of optical modes contained in the ultrasound
focus increases1,12. The intensity of the background light also
increases over iterations (Fig. 3c–f). This effect could attribute to
the possibility that the light intensity tends to be redistributed on
the transmission channels with a higher transmission coefficient
during the iteration process22. The maximum achievable PBR with
iTRUE is limited by the noise present on the measured phase map,
the size of the ultrasound focus and the number of controllable
optical modes. In practice, the PBR of iTRUE is also limited by the
achievable PBR of theDOPC system and the profile of the ultrasound
focus.
Resolution improvement with iTRUE has been demonstrated
experimentally and theoretically. The resolution can be improved
because the profile of the ultrasound focus can be approximated to
be Gaussian. The photons tend to focus back to the strongest modu-
lated optical mode, which gives the highest modulated signals. In
practice, the ultrasound profile is very ‘flat’ compared to the size of
an optical speckle. Therefore, the resolution improvement is limited.
The resolution was improved less in the experiment than in the
simulation, possibly because of the timing jitter between the ultra-
sound and laser pulses in our experiment.
Although only backscattering mode is demonstrated here, we
expect it would not be difficult to implement the iTRUE system in
transmission mode. One simple solution would be to place a mirror
Figure 4 | Image scanning of a fluorescent bead. (a) Experimental setup. The ultrasound focus scanned the sample in the x-y plane. At each step, 6 iTRUE
iterations were implemented. The fluorescence intensity was measured at each iteration using the photodetector. (b–c) Microscopic images of the
fluorescent bead without and with the scattering film. (d–i) Intensity map of the fluorescent signals (113 11 scanning points with cubic interpolation). A
Gaussian profile was fitted to the data points across the centre of the bead in both the x and y directions. (j, k) The resolution (FWHM of the Gaussian
profile) in the y direction and the x direction of the fluorescent bead image over 6 iterations. The error bars indicate the 95% confidence bound. All scale
bars are 20 mm.
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 4 : 7156 | DOI: 10.1038/srep07156 5
on the other side of the sample when transmissionmode is needed. In
transmissionmode, the sample is usually thin andmost of the light is
forward scattered. In this case, themirror would effectively reflect the
forward scattered light back to the camera. This approach is similar
to the case of folding one of the DOPC setups along the mirror plane
in a 2-DOPC TRUE system19, but the key difference is the capability
of simultaneous playback and recording in a single DOPC system.
Currently, the operation time of TRUE (for a single iteration of
wavefront measurement and playback) is approximately 1 s. This
limits its biomedical applications to ex-vivo tissue samples or immo-
bilised living tissue due to optical speckle decorrelation23. The overall
implementation time of iTRUE increases by a factor of the iteration
number. However, iterations will not make the decorrelation prob-
lem worse than for the TRUE case because iTRUE updates the phase
map during each iteration. The decorrelation problem is only limited
by the duration of a single iTRUE iteration, which is the same as that
of TRUE. Therefore, similar to TRUE, the timing issue can be further
improved by reducing the averaging frames for the phase recording
using an off-axis holography for phase measurement and a faster
SLM. For biomedical imaging, the overall scanning speed of the
current iTRUE technique limits its application to a low number of
sampling points. However, the overall image scanning speed of
iTRUE can be further improved by using a continuous scanning
scheme20. Importantly, focusing light inside biological tissue is also
useful for other applications, such as photodynamic therapy, laser
surgery and optogenetics, in which fewer scanning points are
required.
Methods
Setup. The iTRUE system was custom-built, and the full system diagram is shown in
the supplementary document. In our experiment, a 2.7 W, 532 nm wavelength Q-
switch laser (Navigator, Spectra-Physics, USA) generated pulses with a 20 kHz
repetition rate, a 7 ns pulse width and a 7 mm coherent length. The laser beam was
split into a reference beam and probe beam. Both beams were spatially filtered by
single mode fibres and collimated.
Ultrasound pulse trains were generated by a focused ultrasound transducer
(50 MHz central bandwidth, 6.35 mm element diameter, 6 mm focal length; V3330,
Olympus, USA), which provided a focal width of,30 mm (26 dB). The ultrasound
pulses were synchronised with the laser pulses, and a delay was added to make them
coincide at the focus of the ultrasound transducer.
The collimated probe beamwas coupled to an SLM (Pluto, Holoeye, Germany) by a
50/50 beam splitter. The reflected light from the SLM entered the sample through a
50 mm focal lens whose focus was located around the focal point of the transducer.
The back scattered light from the sample was then reflected to a sCMOS camera
(PCO.edge, PCO, Germany) by a 50/50 plate beam splitter (High-Energy Nd:YAG
Laser, Newport Cooperation, USA). The camera plane and the SLM plane were
virtually matched through this beam splitter. The reference beam was combined with
the backscattered modulated light using a 90/10 transmission-reflection beam split-
ter, creating an interfering pattern on the camera.
Phase recording. A detailed signal flow diagram is shown in supplementary
document. In order to selectively detect the ultrasound-modulated light using a
camera, the frequency of the reference beam was shifted by 50.010 MHz using an
acousto optic modulator (AFM-502-A1, IntraAction, USA). Consequently, the
unmodulated light was washed out because the 20 kHz laser pulses cannot lock at this
beating frequency (50.010 MHz). However, the ultrasound pulses from the
transducer were inverted one after another so that the beating frequency between the
ultrasound modulated light and the reference beam could be locked24,25. A 4-phase
stepping digital holography method21 was used to measure the phase of the
ultrasound-modulated light. In this case, two clock sources were used in our system.
The first was generated by a digital delay generator (DG645, Stanford Research
Systems, USA), which generates a 20 kHz trigger signal for the laser and ultrasound.
The pulse inversed ultrasound signal was generated by a function generator (AFG
3252, Tektronix, USA) and amplified by a RF power amplifier (30W1000B, Amplifier
Research, USA). The reference beam signal was generated by another function
generator of the same model, which was also synchronised with a digital delay
generator. The other clock source was generated by a digital acquisition DAQ board
(PCI6111, National Instruments, USA), which was used to synchronise the camera
and the phase-shifting signal for digital hologram recording. This phase-shifting
signal modulated the phase of the reference beam signal through the function
generator by 0, p/2, p and 3p/2. Therefore, four interfering patterns (I0, Ip/2, Ip and
I3p/2) were captured on the camera (28 ms exposure time, 25 frames/s, 5 frames for
each phase for averaging purposes). The complex field can then be calculated as E5
(I0-Ip) 1 i(Ip/2-I3p/2), where i denotes the imaginary part.
Alignment. A protocol26 was previously developed for the alignment of a DOPC
system, which is the core of the iTRUE system. The DOPC system used in iTRUE
differs from the previous system in that a separated reference beam and playback
beam are required for simultaneous playback and recording in the iTRUE system.
This requirement poses a larger challenge in aligning the DOPC system because more
variables are involved. Three major steps were implemented to align the DOPC
system. First, the flatness between the SLM and the collimated probe beam was
assured by searching for an optimised compensation phasemap. This stepminimised
problems due to aberration of the collimated lens and unevenness of the SLM surface.
In this case, the SLMpixels were scanned for themaximum light intensity through the
single mode fibre, which spatially filtered the probe beam before collimation. Second,
the camera plane and the SLM plane were roughly aligned such that a discernable
DOPC focus could be obtained through a thin scattering medium. Third, a digital
wave propagation method was used to tune the virtual position of the camera or the
SLM subject to the maximum light intensity of the DOPC focus.
Simulation. The simulation was based on a shot noise limited model. Starting with
the initial probe beam, whose phase was uniformly distributed over 0–2p, the
scattered light field inside a scattering medium can be obtained by multiplying the
probe beam vector with a transmission matrix. An ultrasound profile with a Gaussian
function shape was used to modulate the scattered field vector by scalar
multiplication. The width of this Gaussian function was such chosen that the ratio
between the number of controllable modes and the number of modes within the
ultrasound focus was ,100, which is a typical number in TRUE12. The ultrasound
modulated field was then propagated back through the scattering medium by
multiplying the transpose of the transmissionmatrix. The resulting field was added to
shot noise with a Poisson distribution, resulting in phase error. The phase of the
conjugated field was used to imprint a blank probe beam, which is the starting point of
another iteration loop. Assuming that the recorded field is measured by 4-phase
stepping digital holography, the SNR of the recorded interferogram, the phase error of
Figure 5 | Observation of light intensity enhancement in biological
samples. (a) Sample setup. The sample consisted of a piece of chicken
tissue (1 mm thick) and cartilage, with a quantum dot sheet sandwiched
between them for visualisation purpose. (b–c) Image observed by the
camera after the 1st iteration (b) and the 16th iteration (c) of iTRUE. (d)
One dimensional images of the light foci after the 1st, 2nd, 4th, 8th and 16th
iterations. These images were taken from the corresponding area between
the two colour coded blocks shown in (b) and (c) (only the 1st and 16th
images are shown). The scale bar is 200 mm.
www.nature.com/scientificreports
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the recorded field and the light intensity at the ultrasound focus can be simulated and
recorded during each iteration loop.
Sample preparation. To make a quantum dot sample, quantum dots (Qtracker 655
non-targeted quantum dots, Invitrogen) were mixed with a 1.5% agarose gel in the
aqueous phase. The mixture was cast in a 500 mm thick mould and transferred to a
glass cuvette. The empty space in the glass cuvette was filled with clear agarose gel of
the same concentration.
To make a fluorescence bead sample, a 15 mm fluorescent bead (FluoSpheres 580/
605 polystyrene microsphere, Invitrogen) was placed on top of a block of agarose gel
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approximately 10 mm (x) 3 5 mm (y) 3 1 mm (z) in the same coordinate system.
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